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METHOD FOR INCREASING FRATAXIN
EXPRESSION

The present invention 1s concerned with a pharmaceutical
preparation for the treatment of Friedreich’s ataxia and for the
treatment or prevention of diseases associated therewith.

Friedreich’s ataxia (FRDA) 1s the most common of the
inherited ataxias, aifecting 1 1 50,000 people. Clinically,
FRDA 1s characterized by multiple symptoms including pro-
gressive gait and limb ataxia, dysarthria, diabetes mellitus
and hypertrophic cardiomyopathy (1).

Friedreich’s ataxia 1s caused by a GAA-trinucleotide
expansion 1n the frataxin gene located on chromosome locus
9q13, resulting 1n a reduced expression of frataxin, a small
mitochondrial protein (2). Due to the mitochondrial localiza-
tion of frataxin, the neurological and cardiological degenera-
tions observed in FRDA are thought to be the result of a
mitochondrial defect (3). The exact physiological function of
frataxin 1s unknown, but it may be mnvolved in mitochondrial
iron homeostasis and/or assembly of ron-sulfur (FeS) pro-
teins and heme synthesis.

Intramitochondrial 1ron accumulation has been postulated
to mitiate the production of hydroxyl radicals by Fenton
chemistry, leading to inactivation of FeS enzymes, lipid per-
oxidation and damage to nucleic acids, proteins and finally
resulting 1n cell death.

There 1s some debate whether mitochondrial 1ron accumu-
lation within mitochondria 1s the result or the cause of the
oxidative stress which 1s responsible for mitochondrial dam-
age. Studies with conditional knockout mouse models and
FRDA -patient cells indicate that deficiencies in FeS enzymes
precede 1ron accumulation (4). Clinically there 1s an intrami-
tochondnal 1iron accumulation 1n heart, liver, nervous system
and spleen of FRDA-patients, as well as a reduction of mito-
chondrial DNA, the FeS cluster-containing subunits of the
mitochondrial electron transport chain (complex I-111) and of
the enzyme aconitase (5). The presence of increased levels of
soluble transferrin receptor as indicator for cytosolic iron
deficiency 1s controversial but in general FRDA-patients have
normal serum 1ron and ferritin concentrations. Frataxin 1s
implicated to be necessary for normal heme biosynthesis, but
there are no reports that FRDA 1s commonly associated with
anemia.

Stimulation of frataxin with exogenous substances was
shown with hemin and butyric acid, and with substances
generating reactive oxygen species (such as 3-nitroproprionic
acid) (6) or those which are cytotoxic like cisplatin.

There 1s currently no effective treatment of FRDA avail-
able especially for neurological deficits. However, the
improved understanding of the role of frataxin has led to the
consideration of antioxidants such as Idebenone and 1ron
chelators as potential therapeutic agents. A cardioprotective
tfunction of Idebenone was shown 1n a mouse model. These
drugs may have a potential to reduce some clinical features of
FRDA, but they cannot cure the disease itself. Another
approach to treat FRDA would be gene therapy, which will
not be readily available within the near future.

It 1s theretfore the object of the present invention to provide
a pharmaceutical preparation for the treatment of Friedreich’s
ataxia and for the treatment or prevention of a disease asso-
ciated therewith.

The 1nvention 1s the use of human erythropoietin or a
derivative thereof having the biological activity of human
erythropoietin of increasing the expression of frataxin for the
production of a pharmaceutical preparation for the treatment
of Friedreich’s ataxia or for the treatment or prevention of a
disease associated therewith.
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The term “derivative of human erythropoietin™ comprises

any polypeptide having the amino acid sequence of eryth-
ropoietin but differing 1n the sugar residue of human eryth-
ropoietin, and

any mutant or variant of erythropoietin having an amino
acid sequence differing from the amino acid sequence of
human erythropoietin by at least two amino acids as long as 1t
has the biological activity of erythropoietin of increasing the
expression of frataxin.

Variants of erythropoietin are described in e.g. US

20041577293 Al. Denvatives of erythropoietin are described
in e.g. Science, Vol. 35, pp. 239-242.

The present invention 1s concerned with the use of a phar-
maceutical preparation containing human erythropoietin,
recombinant erythropoietin or dertvatives of erythropoietin
including all polypeptide variants and a suitable carrier, 1n a
dosage of 400-40,000 Units per week for the treatment of
Friedreich’s ataxia and/or for the treatment and prevention of
a disease associated therewith, which show decreased expres-
sion of frataxin.

The pharmaceutical preparation can be administered as
solution for mjection or infusion, or as lyophilized product,
¢.g. by the intravenous, mtramuscular, intracranial or intra-
nasal route (as nose spray). The invention is further directed to
a new medical application of a pharmaceutical preparation
containing human erythropoietin, recombinant human eryth-
ropoletin or derivatives of erythropoietin including all
polypeptide variants of erythropoietin, to increase the expres-
s1on of the protein frataxin.

The present invention 1s based on the finding that human
erythropoietin and the denvatives described above can sig-
nificantly increase the expression of frataxin in various cell
types, €.g. in primary lymphocytes from FRDA patients 1n a
dose-dependent manner. Therefore human erythropoietinor a
derivative thereot described above can be used for the pro-
duction of a pharmaceutical preparation for the treatment of
Friedreich’s ataxia or for the treatment or prevention of a
disease associated therewith.

Erythropoietin (EPO) 1s an acidic glycoprotein of approxi-
mately 34,000 dalton molecular weight occurring in three
forms: a, p and asialo. The a and 3 forms ditfer slightly 1n
carbohydrate components, but have the same potency, bio-
logical activity and molecular weight. The asialo form 1s an o
and 3 form with the terminal carbohydrate (sialic acid)
removed. EPO 1s present in very low concentrations in plasma
when the body 1s 1n a healthy state wherein tissues receive
suificient oxygenation from the existing number of erythro-
cytes.

Erythropoietin possesses biological activities in addition to
the erythropoietic etfects that originally provided 1ts name.
Recently recombinant human EPO (rhuEPO) has recerved
considerable attention due to its broad neuroprotective and
cardioprotective capabilities by a still poorly understood
mechanism.

We used primary human cardiac fibroblasts and myocytes
and tested the intfluence of rhuEPO on frataxin expression. We
found a significant increase in frataxin levels especially 1n
cardiac fibroblasts, where a 2.5 fold increase after 48 hours of
rhuEPO could be obtained. This result 1s important because
the main cause of premature death 1n FRDA 1s cardiomyopa-
thy. Increasing frataxin expression in the heart can protect the
heart from the development of a cardiomyopathy and could
therefore increase life expectancy. Moreover, since frataxin 1s
postulated to function as a tissue protective protein, mncreas-
ing frataxin expression could also represent a new target to
treat cardiomyopathy 1n the general population.
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Many cell types produce erythropoietin and many cells
besides erythroid progenitors express the erythropoietin-re-
ceptor, including cells in the brain. The discovery that neu-
ronal cells produce EPO 1n response to a variety of insults
including 1schemia/hypoxia, trauma, 1mmune-mediated
inflammation, and excessive neuronal excitation further sup-
ports the pleiotropic nature of this cytokine. Using mouse
embryonic carcinoma P19 cells (neuronal type) we found
significant increases 1n frataxin expression after incubation
with 6.6 U/ml and 9.9 U/ml rhuEPO for 24 and 48 hours (see
FIGS. 3A and 3B below). Our experiments with P19 neuronal
type cells (see FIG. 4 below) also indicate that EPO-deriva-
tives with shorter plasma half-life than rhuEPO, like asialo-
erythropoietin could be a good non-erythropoietic alternative
to rhuEPO. This can be explained by the fact that only short
time incubation with rhuEPO already leads to an increase in
frataxin expression and that rhuEPO does not have to be
present for a long time to stimulate an increase 1n frataxin.
However, a controlled application of erythropoietically active
rhuEPO for certain periods eventually accompanied by phle-
botomy 1n the case of increased hematocrit could also be
usetul to reduce mitochondrial 1iron accumulation by trigger-
ing mitochondrial heme-biosynthesis and erythropoiesis.

This approach to reduce mitochondrial 1ron load 1s cur-
rently successtully used in other diseases with mitochondrial
iron accumulation like myelodysplastic syndrome and sid-
eroblastic anemia. Such a protocol could be usetul especially
for patients with large iron deposits in the myocardium and 1n
the dentate nucleus because current clinically available 1ron
chelators do not reach mitochondrial iron deposits.

Over the last decade, rhuEPO has proven to be a safe
therapeutic agent 1n hemodialysis patients with minimal
adverse eflects. To confirm the 1n vitro effects of rhuEPO on
frataxin-expression, we measured frataxin levels 1n lympho-
cytes obtained from haemodialysis patients undergoing
rhuEPO treatment. We could find a significant increase (up to
3 fold) 1n frataxin expression in lymphocytes obtained from
dialysis patients 48 hours after receiving rhuEPO compared
to lymphocytes obtained from the same patients before
rhuEPO-administration. The patients sufiered from end stage
renal disease and received dosages of EPO ranging from
3,000 to 10,000 U.

This observation indicates that EPO therapy increases
frataxin expression 1n patients. Our data show for the first
time that additionally to 1ts neuro- and cardioprotective prop-
erties EPO increases frataxin expression.

A preferred embodiment of the present invention is char-
acterized 1n that said human erythropoietin or said derivative
thereol 1s one of the group consisting of recombinant human
erythropoietin, erythropoietin a, erythropoietin [, aranesp,
asialoerythropoietin and carbamylated erythropoietin.

A further preferred embodiment of the present invention 1s
characterized 1n that Friedreich’s ataxia 1s diagnosed by
means of gene analysis and/or ELISA and/or realtime-PCR
and that expression of frataxin 1s decreased due to GAA-
repeat-expansion or mutations on one or on both alleles 1n the
frataxin gene.

Further preferred embodiments are the use of human eryth-
ropoietin or a derivative thereof having the biological activity
of human erythropoietin of increasing the expression of
frataxin for the production of a pharmaceutical preparation
for the treatment or prevention of a disease associated with
Friedreich’s ataxia, 1n particular

a heart disease of a patient showing decreased expression
of frataxin,

diabetes of a patient showing decreased expression of
frataxin,
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4

a neurodegenerative disease of a patient showing
decreased expression of frataxin,

a bone deformation, in particular scoliosis and pes cavus,
ol a patient showing decreased expression of frataxin,

nystagmus of a patient showing decreased expression of
frataxin,

impaired hearing of a patient showing decreased expres-
sion of frataxin,

an eye disease, 1n particular optic atrophy, of a patient
showing decreased expression of frataxin,

cancer of a patient showing decreased expression of
frataxin.

In the following, the effect of EPO on frataxin expression
in various cell types 1s demonstrated.

Reagents And Antibodies

All chemaicals were purchased from Sigma (Vienna, Aus-
tria) if not cited otherwise. The primary rabbit polyclonal
antibody against mature human and mouse frataxin was pre-
pared as described previously (7); the secondary goat-anti-
rabbit horse radish peroxidase conjugated antibody was pur-
chased from  DakoCytomation (Vienna, Austria).
Recombinant human erythropoietin (epoietin beta) was
obtained from Roche, Basel, Switzerland.

Cell Cultures

Lymphocytes—Lymphocytes from 7 FRDA patients
(GAA repeats 1n the range from 240 to 800) were collected
from fresh blood samples and 1solated with Biocoll Separat-
ing Solution, density 1.077 g/ml (Biochrom AG, Berlin, Ger-
many) according to the manufacturer’s procedure. Finally,
cells were diluted to a density of 1x10° cells and cultured in
RPMI media supplemented with 10% fetal calf serum, 2 mM
L-glutamine and antibiotics and were used for experiments.

Cardiac cells—Primary cultures of human adult cardiac
myocytes and human adult cardiac fibroblasts from patients
not suffering from FRDA but undergoing heart transplanta-
tion were 1solated as described by Macielda et al. (8). The
cells were cultivated 1n M199 medium containing 10% fetal
calf serum as well as 100 U/ml penicillin, 100 ug/ml strepto-
mycin, 10 ng/ml transferrin and 10 ug/ml insulin at 37° C. 1n
a humidified atmosphere of 5% CO,.

Neuronal cells—The P19 clone was obtained from the
European Cell Culture Collection (ECACC Cat. Nr.
951027077, Salisbury, UK). Cells were cultured 1n o.-modified
Eagle’s medium (a-MEM) supplemented with 7.5% calf
serum (Euroclone, Vienna, Austria) and 2.5% fetal bovine
serum (Gibco, Vienna, Austria), 2 mM L-glutamine, 10 ml/]
essential amino acids and antibiotics 1 a 5% CO,, humidified
chamber. Cellular differentiation was carried out as described
by Santos et al. (9).

Immunoblotting of Frataxin

Expression of frataxin was detected by Western blot. After
treatment with rhuEPO for the indicated periods and after
extensive washings the cells were lysed with cell culture lysis
reagent (Promega, Vienna, Austria) and transferred to a
microcentrifuge tube. Fifty micrograms of proteins were
separated on 12% SDS (sodium dodecyl sulfate)}—polyacry-
lamide gel electrophoresis under non-reducing conditions
using Prosieve 50 Gel solution (BMA, BioWhittaker from
Biozym, Vienna, Austria) and Tris/Tricine-electrode buifer
(0.1 M Tr1s, 0.1 M Tricine, 0.1% SDS, pH 8.3) and electrob-

lotted onto nitrocellulose membranes. Primary antibody was
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directed against mature frataxin (7) and as a secondary anti-
body a goat-antirabbit HRP antibody (1:10000) (DAKQO) was
used.

Statistical Analysis

Statistical analysis was performed with GraphPad Prism
soltware. Differences were examined for statistical signifi-
cance using the t-test. Significant differences are marked 1n

the figures with * (p<<0.05),** (p<0.01) and *** (p<0.001).
Differences with p<t0.05 were assumed to be significant.

EXAMPLE 1

Effects of rhuEPO On Frataxin Expression In
Isolated Lymphocytes From FRDA Patients

Freshly isolated lymphocytes obtained from 7 patients
with Friedreich’s ataxia (GAA repeats ranging ifrom 240-
800) were incubated with various concentrations of rhuEPO
tor 24 hours. Cell lysates (50 ug protein) were separated on
12% SDS-polyacrylamide gel electrophoresis under non-re-
ducing conditions using Tris/Tricine-electrode buifer (0.1 M
Tris, 0.1 M Tricine, 0.1% SDS) and electroblotted onto nitro-
cellulose membranes. Western blot analysis was performed
with a polyclonal antibody against human frataxin.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1A 1s an 1image of a gel showing frataxin expression
after administration of rhuEPO.

FIG. 1B 1s a graph showing frataxin expression as a func-
tion of rhuEPO.

FIG. 2A 15 a graph showing frataxin expression as a func-
tion of rhuEPO.

FIG. 2B 1s a graph showing frataxin expression as a func-

tion of rhuEPO.

FIG. 3A 15 a graph showing frataxin expression as a func-
tion of rhuEPO.

FIG. 3B 1s a graph showing frataxin expression as a func-
tion of rhuEPO.

FIG. 4A 1s an 1image of a gel showing frataxin expression
alter administration of rhuEPO.

FIG. 4B 1s a graph showing frataxin expression as a func-
tion of rhuEPO.

FIGS. 1A and 1B show Western blot densitometric analysis
of frataxin expression ifrom three independent experiments.
Density of the frataxin band of the control (untreated lym-
phocytes 1n the absence of rhuFPO from the same patient)
was set as 1 a.u. (arbitrary units). Values represent
means=SEM of 3 different experiments. Differences were
examined for statistical significance using the paired t-test.
Significant differences vs. control are marked 1n the figures
with * (p<0.05), ** (p<0.01) and *** (p<0.001).

From FIG. 1B 1t can be seen that the increase 1n frataxin
expression correlates with 1ncreasing concentration of
rhuEPO. FIG. 1A represents a Western blot for frataxin from
one FRDA-patient, where the 1solated lymphocytes were
treated with different concentrations of rhuEPO for 24 hours.

EXAMPLE 2

Effects of rhuEPO On Frataxin Expression In
Human Cardiomyocytes And Cardiofibroblasts

The heart 1s one of the most affected organs 1n FRDA-
patients, therefore we ivestigated the efiects of rhuEPO on
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frataxin expression in primary cultures of human adult car-
diac myocytes (HACMs) and cardiofibroblasts, prepared
from ventricular tissue obtained from donor hearts from
patients undergoing heart transplantation (8).

FIG. 2 shows frataxin-expression in primary human heart
cells. Primary cultures of human adult cardiac myocytes
(FIG. 2A) and cardiac fibroblasts (FIG. 2B), were incubated
with rhuEPO for 48 hours. Cell lysates (40 ug protein) were
separated on 12% SDS-polyacrylamide gel electrophoresis
under non-reducing conditions using Tris/Tricine-electrode
buifer (0.1 M Tris, 0.1 M Tricine, 0.1% SDS) and electrob-
lotted onto nitrocellulose membranes. Western blot analysis
was performed with a polyclonal antibody against human
frataxin. Densitometric analysis of frataxin expression from
three independent experiments 1s shown. Density of the
frataxin band of the control (1n the absence of rhuEPO) was
set as 1 a.u. (arbitrary units). Values represent means=SEM of
3 different experiments. Some of the error bars are smaller
than the symbols. Differences were examined for statistical

significance using the paired t-test. Significant differences vs.
control are marked 1n the figures with * (p<0.03), ** (p<0.01)

and *** (p<0.001).
From FIG. 2 A significant increase 1n frataxin expression in

human primary cardiomyocytes (FIG. 2A) and cardiofibro-
blasts (FIG. 2B) following incubation with rhuEPO can be
seel.

EXAMPLE 3

Effects of rhuEPO On Neuronal Frataxin Expression

Mouse embryonic carcinoma P19 cells were differentiated
into neuronal cells (9). To investigate the influence of rhuEPO
on frataxin expression, the cells were incubated with rhuEPO
for 24 h (FIG. 3A) and 48 h (FIG. 3B). Cell lysates (50 ug
protein) were separated on 12% SDS-polyacrylamide gel
clectrophoresis under non-reducing conditions using Tris/
Tricine-electrode bufler (0.1 M Tris, 0.1 M Tricine, 0.1%
SDS) and electroblotted onto mitrocellulose membranes.
Western blot analysis was performed with a polyclonal anti-
body against human {frataxin, which also detects mouse
frataxin due to 94% sequence homology. Western blot densi-
tometric analysis of frataxin expression ifrom three experi-
ments 1s shown. Density of the frataxin band of the control (in
the absence of rhuEPO) was set as 1 a.u. (arbitrary units).
Values represent means=SEM of 3 different experiments.
Differences were examined for statistical significance using
the paired t-test. Significant differences vs. control are
marked 1n the figures with * (p<0.05) and ** (p<<0.01).

From FIG. 3 it can be seen that in P19 cells there 15 a
significant increase of frataxin expression following incuba-
tion with rhuEPO for 24 hours (FIG. 3A) and 48 hours (FIG.
3B). Frataxin expression increased up to 2.5 fold when the
cells were treated with rhuEPO for 24 hours compared to the
untreated control cells.

EXAMPLE 4

Tects of Short Time Incubation With rhuEPO On
Neuronal Frataxin Expression

[T

This example shows the effect of short time 1ncubation
with rhuEPO and turther cultivation in the absence of thuEPO

on neuronal frataxin expression. P19 (neuronal-type) cells

were incubated with rhuEPO for 1 hour. After washings, the
cells were turther incubated in the absence of rhuEPO for 48

hours. Cell lysates (50 ug protein) were separated on 12%
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SDS-polyacrylamide gel electrophoresis under non-reducing
conditions and electroblotted onto nitrocellulose membranes.
Western blot analysis was performed with a polyclonal anti-
body against human frataxin. FIGS. 4A and 4B show Western
blot and Western blot densitometric analysis of frataxin
expression respectively from three independent experiments.
Density of the frataxin band of the control (untreated lym-
phocytes 1n the absence of rhuEPO from the same patient)
was set as 1 a.u. (arbitrary units). Values represent
meanszSEM of 3 different experiments. Differences were
examined for statistical significance using the paired t-test.
Significant differences vs. control are marked in the figures
with * (p<<0.05) and ** (p<0.01).

From FIG. 4 i1t can be seen that short time 1ncubation (for 1
hour) of P19 neuronal cells with rhuEPO and further cultiva-
tion 1n the absence of rhuEPO was sulficient to observe the
same 1ncrease 1n frataxin-expression after 48 hours as 1n cells
incubated for the whole incubation time with rhuEPO. These
findings indicate that derivatives of erythropoietin with short
plasma half-life such as asialoerythropoietin could also be
elfective to increase frataxin-expression in mammals.

What is claimed 1s:

1. A method of increasing frataxin expression 1n a subject
having Friedreich’s ataxia or a disease associated therewith,
said subject being diagnosed as having decreased expression
of frataxin, the method comprising:

providing a pharmaceutical composition having a thera-

peutically effective amount of erythropoietin or a deriva-
tive therecol having the biological activity of human
erythropoietin sufficient for increasing expression of
frataxin, said human erythropoietin or said derivative
thereol 1s selected from the group of recombinant human
erythropoietin, erythropoietin o, erythropoietin {3,
aranesp, asialoerythropoietin and carbamylated erythro-
poietin; and

administering the pharmaceutical composition to the sub-

ject having Friedreich’s ataxia or the disease associated
therewith being a neurodegenerative disease, said
administering increases frataxin expression in the sub-
ject.
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2. A method according to claim 1, wherein the subject has
Friedreich’s ataxia diagnosed by means of gene analysis and/
or ELISA and/or real-time PCR and that expression of
frataxin 1s decreased due to GAA-repeat-expansion or muta-
tions on one or on both alleles 1n the frataxin gene.

3. A method according to claim 1, wherein said disease
associated with Friedreich’s ataxia 1s a neurodegenerative
disease, the subject having decreased expression of frataxin.

4. A method according to claim 1, wherein the subject 1s
diagnosed by means of gene analysis and/or ELISA and/or
real-time PCR and that expression of frataxin i1s decreased
due to GAA-repeat-expansion or mutations on one or on both
alleles 1n the frataxin gene.

5. A method of increasing expression of frataxin in a sub-
ject, said subject being diagnosed as having decreased

expression of frataxin, the method comprising:

providing a pharmaceutical composition having a thera-
peutically effective amount of an erythropoietin having
the biological activity of human erythropoietin sudfi-
cient for increasing expression of frataxin, said erythro-
poietin 1s selected from the group of recombinant human
erythropoietin, erythropoietin o, erythropoietin {3,
aranesp, asialoerythropoietin and carbamylated erythro-
poietin; and

administering the pharmaceutical composition to the sub-
ject so as to 1crease expression of frataxin in the sub-
ject.

6. A method as 1n claim 5, wherein the subject 1s diagnosed
by means of gene analysis and/or ELISA and/or real-time

PCR.

7. A method as 1n claim 5, wherein the expression of
frataxin 1s decreased due to GAA-repeat-expansion or muta-
tions on one or on both alleles 1n the frataxin gene.

8. A method as in claim 5, wherein the subject 1s diagnosed
to have Friedreich’s ataxia or a neurodegenerative disease
associated with Friedreich’s ataxia.
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